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We investigate a brane model based on Randall-Sundrum scenarios with a generic dark
energy component. The latter drives the accelerated expansion at late times of the Uni-
verse. In this scheme, extra terms are added into Einstein Field equations that are
propagated to the Friedmann equations. To constrain the dark energy equation of state
(EoS) and the brane tension we use observational data with different energy levels (Su-
pernovae type Ia, H(z), baryon acoustic oscillations, and cosmic microwave background
radiation distance, and a joint analysis) in a background cosmology. Beside EoS being
consistent with a cosmological constant at the 3σ confidence level for each dataset, the
baryon acoustic oscillations probe favors an EoS consistent with a quintessence dark en-
ergy. Although we found different lower limit bounds on the brane tension for each data
sets, being the most restricted for CMB, there is not enough evidence of modifications
in the cosmological evolution of the Universe by the existence of an extra dimension
within observational uncertainties. Nevertheless, these new bounds are complementary
to those obtained by other probes like table-top experiments, Big Bang Nucleosynthesis,
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and stellar dynamics. Our results show that a further test of the braneworld model with
appropriate correction terms or a profound analysis with perturbations, may be needed
to improve the constraints provided by the current data.
Keywords: Cosmology; braneworlds.
PACS numbers: 98.80.Cq, 26.35.+c, 98.80.Ft, 98.70.Vc
1. Introduction
Several cosmological observations of Supernovae of the Type Ia (SNIa) at high red-
shift, show evidence of an accelerated expansion of the Universe at late times.1–3
This is also supported by the observations of anisotropies in CMB and baryon acous-
tic oscillations (BAO). In the standard cosmological scenario, the responsible for the
Universe accelerated expansion is an entity which made up the ∼ 70% of its total
content and it is dubbed as dark energy.4 Several models try to explain this late
time cosmic trend,5–7 but the most favored candidate by the cosmological data is
still the cosmological constant.4 However, the latter shows conceptual and theoret-
ical problems when assuming that its energy density arises from quantum vacuum
fluctuations.8,9 Under this supposition, the theoretical prediction of the CC energy
density differs ∼ 120 orders of magnitude from the observational estimations.8,9
The other well-known difficulty of the CC is the coincidence problem, i.e. why DE
density is similar to that of the dark matter (DM) component today.8
In this vein, the CC problems have motivated the appearance of alternative
candidates for DE, being some of the most popular: the quintessence, phantom field,
Chaplygin gas, Holographic DE, among others (see10 for an excellent DE models
review). An interesting paradigm is to consider extra dimensions of space-time which
could be the source of the current accelerated expansion. For instance, the Dvali-
Gabadadze-Porrati (DGP) model11,12 generates a natural accelerated expansion
with a geometrical threshold associated to a five-dimensional space-time. However,
a DE component must be added to achieve a stable late cosmic acceleration. Another
example are the models proposed by Randall and Sundrum (RSI or RSII)13,14 that
have the added benefit of providing a solution for the hierarchy and the CC quantum
vacuum fluctuations problems (see15–17 for more details). Nevertheless, RS models
drive a late time acceleration only by adding a dark energy field.
In a covariant approach of the RSII models, the Einstein’s field equations are
modified assuming a five dimensional bulk with Schwarzschild-Anti’dSitter (S-AdS5)
geometry and a four dimensional manifold embedded in this bulk, called the brane.
Note that for cosmological purposes the brane is considered as a FLRW structure,
but in general it can take any geometry. The main modifications to the Einstein field
equations lie in three new tensors: the first one considers second order corrections
to the energy-momentum tensor; the second one allows matter in the bulk and the
last one takes into account non-local effects associated with the Weyl’s tensor.18 An
important term in the theory is the brane tension, λ, which shows the threshold
between the corrections that come from branes and those who belong to the tradi-
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tional Einstein’s equation. These brane correction terms could produce important
changes in the Universe dynamics that can be tested using the latest astrophysical
or cosmological observations.
Our main goal is to investigate the effect of one extra dimension on the back-
ground cosmology, mainly the DE properties. Indeed, we focus our inquiry on what
is the preferred equation of state (EoS) for DE in brane models? and what is the
constraint for the brane tension provided by current cosmological observations? In
the present model, DE is located in our brane, together with the other Universe
components (baryons, radiation and dark matter), with the restriction that gravity
is the only interaction that can overstep to the extra dimension. The condition for
the dark energy EoS is that it must always fulfill a generalized inequality, shown in
Ref.,19 to obtain an accelerated dynamic on the brane. As it happens in General Rel-
ativity (GR), DE is divided in Quintessence (−1 < ωde < −1/3), CC (ωde = −1),
and Phantom field (ωde < −1), but parametrized by the extra dimensions.10 As
mentioned before, although the late cosmic acceleration does not emerge from the
extra dimension, the brane dynamics can help us to understand the dark energy
and cosmic acceleration in this kind of scenario.15–17
Recent results using RS frame have only assumed a geometrical point of view
(i.e. no DE component, see20,21 as interesting examples). However, a robust analysis
of the DE dynamic in a simple brane scenario is needed. In this work, we test a RS-
like model that has all the basic components of the Universe, including a DE with
a generic EoS, to constrain its parameters using recent cosmological observations
at different energy scales. This kind of test also allow us to confirm whether the
model is consistent at high and low energies in the cosmological evolution (i.e. using
observational probes at different redshifts). To estimate the dark energy EoS and
the brane tension, we use SNIa, H(z), BAO and CMB distance constraints. These
new bounds are complementary to those obtained by other probes like table-top
(TT) experiments, Big Bang Nucleosynthesis (BBN), and stellar dynamics.22
The paper is organized as follows: in Sec. 2 we show the modified Einstein’s equa-
tion by the presence of branes in the RS scenario. We find the modified Friedman
equation assuming matter, radiation and a generic DE as the Universe components;
in addition, we get the deceleration parameter in terms of brane corrections. In Sec.
3 we perform a statistical analysis to constrain the EoS of the dark energy and the
brane tension using various observations as H(z) measurements, SNIa, BAO, CMB
distance and finally a joint analysis. In Sec. 4, we present and discuss the results
obtained with the analysis of the previous section and finally in Sec. 5 we give some
conclusions and remarks. In what follows, we work in units with c = ~ = 1, unless
explicitly written.
2. Brane cosmology
First of all, we introduce the Einstein’s field equation projected onto the brane
Gµν + ξµν = κ
2
(4)Tµν + κ
4
(5)Πµν + κ
2
(5)Fµν , (1)
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where Tµν is the four-dimensional energy-momentum tensor of the matter trapped
in the brane, Gµν is the classical Einstein’s tensor and the rest of terms in the right
and left sides of this equation are explicitly given by:
κ2(4) = 8piGN =
κ4(5)
6
λ, (2a)
Πµν = −1
4
TµαT
α
ν +
TTµν
12
+
gµν
24
(3TαβT
αβ − T 2), (2b)
Fµν =
2TABg
A
µ g
B
ν
3
+
2gµν
3
(
TABn
AnB −
(5)T
4
)
, (2c)
ξµν =
(5)CEAFBnEn
F gAµ g
B
ν . (2d)
Here GN is the Newton’s gravitational constant, λ is the previously mentioned
brane tension, κ(4) and κ(5) are the four- and five-dimensional coupling constants
of gravity respectively. The tensor Πµν represents the quadratic corrections on the
brane generated by the energy-momentum tensor, Fµν gives the contributions of the
energy-momentum tensor in the bulk, which is projected onto the brane through
the unit normal vector nA. The tensor ξµν provides the contribution of the five-
dimensional Weyl’s tensor projected onto the brane manifold18 a. It is worth to
note that non-local corrections are negligible in cosmological cases,15 under the
assumption of a AdS(5) bulk.
To derive the Friedmann equations under the modified field equations, we con-
sider an homogeneous and isotropic Universe in which a line element is given by
ds2 = −dt2 + a(t)2(dr2 + r2(dθ2 + sin2 θdϕ2)), (3)
where a(t) denotes the scale factor. The recent Planck measurements4 suggest a
curvature energy density Ωk ' 0, thus we assume a flat geometry. We consider
radiation and dark matter components as perfect fluids in the brane. We assume
that the bulk has no matter component. By combining Eqs. (1) to (3), we obtain
the modified Friedmann equation:
H2 = κ2ρeff , (4)
where
ρeff =
∑
i
ρi
(
1 +
ρi
2λ
)
, (5)
defining κ2 = 8piG/3 = κ2(4)/3 as the renamed gravitational coupling constant.
H = a˙/a is the Hubble parameter, and ρi is the energy density for the radiation,
dark matter and DE. It is worth to notice that the low energy regime, i.e. the
canonical Friedmann equation, is recovered when ρi/2λ → 0. Crossed terms were
not used in the Friedmann equation, i.e. there is not interaction between different
aNotice that the latin letters take the values 0, 1, 2, 3, 4.
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species. In addition, if we consider, for instance, that the bulk black hole mass
vanishes, the bulk geometry reduces to AdS5 and ρ = 0.
15,23
As a complement, we write the modified Friedmann equation at high energy
regime as:
H2high = κ
2
∑
i
ρ2i
2λ
, (6)
where it is assumed that ρi/2λ 1. The latter is the high energy limit because we
are assuming that the mean density of the fluids is much higher than the brane ten-
sion, so that any brane corrections in the equations of motion are highly suppressed
by the brane energy scale. This limit is specially used in inflationary cosmology
where the effects are more noticeable (for an excellent review of brane world infla-
tion see24).
As mentioned before, we assume that the EoS of DE satisfies the constraint
ωde < −1
3
[
1 + 2ρde/λ
1 + ρde/λ
]
, (7)
to obtain an accelerated Universe and this value must be constrained via the cos-
mological data. Thus, the Friedmann equation can be written as:
H2 = κ2
[ρ0m
a3
(
1 +
ρ0m
2λa3
)
+
ρ0r
a4
(
1 +
ρ0r
2λa4
)
+
ρ0de
a3(1+ωde)
(
1 +
ρ0de
2λa3(1+ωde)
)]
.(8)
Using the density parameters, Ωi ≡ ρi/ρcrit, and redshift, Eq. (7) and (8) can be
written as:
E(z)2 = Ω0m(1 + z)
3 + Ω0r(1 + z)
4 + Ω0de(1 + z)
3(1+ωde)
+M
[
Ω20m(1 + z)
6 + Ω20r(1 + z)
8 + Ω20de(1 + z)
6(1+ωde)
]
, (9)
where E(z)2 ≡ H(z)2/H20 , Ωr = 2.469× 10−5h−2(1 + 0.2271Neff ), Neff = 3.04 is
the standard number of relativistic species25 and
M≡ H
2
0
2κ2λ
=
ρcrit
2λ
, (10)
being H0 the Hubble constant, and ρcrit the Universe critical density. Notice that
when M → 0, the canonical Friedmann equation with wde is recovered. If wde =
ωΛ = −1, i.e. the DE is the CC, we obtain the traditional ΛCDM dynamics.
At early times the brane dynamics dominate over other terms in the Uni-
verse, buy is negligible at late time. Indeed, given a value for the brane ten-
sion, we can infer the limits of high and low energies in terms of the redshift:
z + 1  ∑i(λ/ρ0i)1/3(1+ωi) and z + 1  ∑i(λ/ρ0i)1/3(1+ωi) respectively. For ex-
ample, in matter domination epoch, the previous expressions can be rewritten as:
z  (λ/ρ0m)1/3− 1 and z  (λ/ρ0m)1/3− 1, for high and low energy limits respec-
tively.
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In addition, from Eq. (7) the DE EoS should satisfy the following constraint to
obtain a late cosmic acceleration:
ωde < −1
3
[
1 + 4MΩ0de(1 + z)3(1+ωde)
1 + 2MΩ0de(1 + z)3(1+ωde)
]
, (11)
On the other hand, using Eq. (9) the deceleration parameter, q(t) ≡
−a¨(t)/a(t)H(t)2, can be written in terms of redshift as
q(z) =
qI(z) +M qII(z)
E(z)2
, (12)
where
qI(z) =
Ω0m
2
(1 + z)3 + Ω0r(1 + z)
4 +
Ω0de
2
(1 + 3ωde)(1 + z)
3(1+ωde),
qII(z) = 2Ω
2
0m(1 + z)
6 + 3Ω20r(1 + z)
8 + Ω20de(2 + 3ωde)(1 + z)
6(1+ωde). (13)
In the same way, we recover the traditional behavior for q(z) when M → 0, i.e.
when brane effects are negligible.
3. Data and Methodology
In order to constrain the EoS of the dark energy within the braneworld geometry
dynamics we will perform a Markov Chain Monte Carlo (MCMC) analysis using
the recent cosmological data of the Hubble parameter measurements, SNIa, BAO,
and CMB from Planck data release 2015. We assume a Gaussian likelihood L ∝
exp(−χ2/2), which depends on the model parameters. We consider Gaussian priors
on h, and Ωbh
2 (see Table 1), and the only free parameters of the analysis are Ωm,
ωde, and M. The affine-invariant MCMC method implemented in emcee package26
is used to find the confidence region of these free parameters. In the following we
present the data and how the merit functions, χ, are constructed.
Table 1. Priors on the different parameters
of the brane-world model. For h and Ωbh
2 we
use the values given by27 and28 respectively.
Parameter Allowance
h 0.7324± 0.0174 (Gaussian)
Ωbh
2 0.02202± 0.00046 (Gaussian)
Ωm [0, 1] (Uniform)
wde [−2.5, 0] (Uniform)
M [0, 0.5] (Uniform)
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3.1. H(z) measurements
The measurements of the expansion rate of the Universe as a function of redshift,
i.e. H(z), are widely used to test cosmological models. They are the most direct and
model independent observables of the dynamics of the Universe. Thus, any evidence
of an extra dimension should be reflected in the fitting of these data. Nevertheless,
the H(z) data rely on a low-redshift range and since that the brane corrections are
only important at high energy regime, we expect to obtain low-significance brane
parameters. We use 34 data points compiled by29 which span the redshift range
0.07 < z < 2.3.
We start by writing the merit function, χ2H , as:
χ2H =
34∑
i=1
[Hth(zi)−Hobs(zi)]2
σ2Hi
, (14)
where Hobs(zi) is the observed Hubble parameter at zi, σHi is the error function,
and Hth(zi) the theoretical value given by Eq. (9). It is worth to notice that some
H(z) points have been derived from the BAO information. Through this work we
assume there is no correlation between H(z) and BAO.
3.2. Type Ia Supernovae (SNIa)
The observations of distant SNIa is the classical test to probe the late cosmic acceler-
ation and the nature of dark energy. Although these observations could be also used
to test modified gravity,30 found that the SNIa data provide a low-significance in
the brane model parameter estimation. To validate this method to constrain brane
parameters, we use the Lick Observatory Supernova Search (LOSS) sample con-
taining 586 SNIa in the range 0.01 < z < 1.4.31 The relation between the distance
modulus µ and the luminosity distance dL is given by
µ(z) = 5 log10[dL(z)/Mpc] + µ0, (15)
where µ0 is a nuisance parameter and
dL(z) = (1 + z)
∫ z
0
dz′
E(z′)
. (16)
The expression for E(z) was presented in Eq. (9). After we marginalize over µ0,
the SNIa constraints are obtained by minimizing the function χ2SNIa = A − B2/C,
where
A =
586∑
i=1
[µ(zi)− µobs]2
σ2µi
,
B =
586∑
i=1
µ(zi)− µobs
σ2µi
, (17)
C =
586∑
i=1
1
σ2µi
.
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3.3. Baryon acoustic oscillations
Baryon acoustic oscillations are the signature of the interactions of baryons and pho-
tons in a hot plasma on the matter power spectrum in the pre-recombination epoch.
Since BAO measurements are standard rulers, they are used as a geometrical probe
to constrain cosmological parameters of modified gravity and dark energy models.
The different surveys usually give the BAO information in the ratio DV /rs(zd),
where the distance scale DV is defined as
DV (z) =
1
H0
[
(1 + z)2dA(z)
2 z
E(z)
]1/3
, (18)
dA(z) is the Hubble-free angular diameter distance which relates to the Hubble-free
luminosity distance through dA(z) = dL(z)/(1 + z)
2. This scale is calibrated using
the comoving sound horizon radius, rs, at the end of the drag epoch (typically
derived from CMB) defined as
Table 2. BAO data from different surveys: six-degree-Field Galaxy
Survey (6dFGS), WiggleZ experiment, Sloan Digital Sky Survey
(SDSS) Data Release 7 (DR7), Baryon Oscillation Spectroscopic Survey
(BOSS)-SDSS DR9, and BOSS-SDSS DR11.
Quantity z BAO measurement Survey
dz ≡ rs(zd)DV (z) 0.106 0.336± 0.015 6dFGS
32
dz 0.44 0.0870± 0.0042 WiggleZ33,34
dz 0.6 0.0672± 0.0031 WiggleZ33,34
dz 0.73 0.0593± 0.0020 WiggleZ33,34
dz 0.15 0.2239± 0.0084 SDSS DR735
dz 0.32 0.1181± 0.0022 SDSS-III BOSS DR1136
dz 0.57 0.0726± 0.0007 SDSS-III BOSS DR1136
DH (z)
rs(zd)
2.34 9.18± 0.28 SDSS-III BOSS DR1137
DH (z)
rs(zd)
2.36 9.00± 0.3 SDSS-III BOSS DR1138
rs(z) =
∫ ∞
z
cs(z
′)
H(z′)
dz′, (19)
where the sound speed cs(z) = 1/
√
3
(
1 + R¯b/ (1 + z)
)
, with R¯b =
31500 Ωbh
2(TCMB/2.7K)
−4, and TCMB is the CMB temperature. The redshift zd
at the baryon drag epoch is fitted with the formula proposed by,39
zd =
1291(Ωmh
2)0.251
1 + 0.659 (Ωmh2)0.828
[
1 + b1
(
Ωbh
2
)b2]
, (20)
where
b1 = 0.313
(
Ωm h
2
)−0.419 [
1 + 0.607
(
Ωm h
2
)0.674]
, (21)
b2 = 0.238
(
Ωm h
2
)0.223
. (22)
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It is worth to note that rs(zd) depends on the early time physics, where the brane
corrections could be important due to the term ρ/λ, and that the Eqs. (20-22)
were derived for the standard cosmology neglecting the possible brane effects. We
assume as first approximation, that they are valid for our brane model. Although
the BAO data provide stronger brane constraints, they could be biased due to
the standard model assumption (actually, aM bound consistent with ΛCDM is ex-
pected). Therefore, a perturbation theory for this brane model is needed to estimate
straightforward constraints.
In our analysis, we use the BAO data shown in Table 2.
Notice that the high redshift points are given in terms of DH(z) = H(z)
−1. The
function-of-merit for all the BAO data points, χ2BAO is:
χ2BAO = χ
2
6dFGS + χ
2
WiggleZ + χ
2
DR7 + χ
2
DR11A + χ
2
DR11B , (23)
where
χ26dFGS =
(
dz(0.106)− 0.336
0.015
)2
,
χ2WiggleZ =
(
dz(0.44)− 0.0870
0.0042
)2
+
(
dz(0.6)− 0.0672
0.0031
)2
+
(
dz(0.73)− 0.0593
0.0020
)2
,
χ2DR7 =
(
dz(0.15)− 0.2239
0.0084
)2
,
χ2DR11A =
(
dz(0.32)− 0.1181
0.0023
)2
+
(
dz(0.57)− 0.0726
0.0007
)2
,
χ2DR11B =
 DH(2.34)rs(zd) − 9.18
0.28
2 +
 DH(2.36)rs(zd) − 9.00
0.3
2 . (24)
3.4. CMB distance constraints from Planck 2015 measurements
The anisotropy measurements in the temperature of CMB radiation provide nar-
row constraints on cosmological parameters. A useful method to obtain cosmological
constraints, without performing a complete perturbative analysis, is to reduce the
full likelihood information to a few parameters: the acoustic scale, lA, the shift
parameter, R, and the decoupling redshift, z∗.40 Although these distance posteri-
ors are almost independent on the dark energy model used,41 they are sensitive
(mainly R) to the growth of the perturbations. Since we have not considered a self-
consistent brane perturbation theory, these compressed CMB information could
lead to a (ΛCDM) biased brane tension constraint.21,40 Nevertheless, as a first ap-
proach, we constrain the braneworld model parameters using the R, lA, and z∗
values for a flat w-CDM obtained from Planck measurements (R = 1.7492±0.0049,
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lA = 301.787 ± 0.089, z∗ = 1089.99 ± 0.2942). Planck also provide the following
inverse covariance matrix, Cov−1Pl , of these quantities
Cov−1Pl =
 162.48 −1529.4 2.0688−1529.4 207232 −2866.8
2.0688 −2866.8 53.572
 . (25)
The merit function for the Planck data is constructed as
χ2Pl = X
T Cov−1Pl X, (26)
where
X =
 lthA − lARth −R
zth∗ − z∗
 , (27)
and the superscript th refers to the theoretical estimations. The shift parameter is
defined as43
R =
√
ΩmH20r(z∗), (28)
where z∗ can be estimated using,44
z∗ = 1048[1 + 0.00124(Ωbh2)−0.738][1 + g1(Ωmh2)g2 ], (29)
and
g1 =
0.0783(Ωbh
2)−0.238
1 + 39.5(Ωbh2)0.763
, g2 =
0.560
1 + 21.1(Ωbh2)1.81
. (30)
The acoustic scale is defined as
lA =
pir(z∗)
rs(z∗)
, (31)
where r is the comoving distance from the observer to redshift z given by
r(z) = H−10
∫ z
0
dz′
E(z′)
. (32)
4. Results
In all our analysis, a total of 3500 steps with 500 walkers are generated and it takes
500 (burn-in) steps to stabilize our estimations. Table 3 summarizes the constraints
and Figure 1 shows the 1D marginalized posterior distributions and 2D contours
at 68%, 95%, and 99% confidence levels for each and combined data set. When
the Hubble measurements are used, a lower chi-square is obtained indicating an
overfitting of the data. The value of wde is consistent with the CC and Ωm is
lower than the standard prediction. Additionally, the bound ofM suggests slightly
corrections to standard dynamics of the Universe. As has been mentioned in §3.1,
the H(z) measurements rely on low redshift information and give low significance
brane constraints. We note that the SNIa data provide a good fit of the model
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parameters, the dark energy EoS is consistent with the CC at 2σ level and the limit
forM is marginally consistent with modifications to gravity by an extra dimension.
Nevertheless, the SNIa data give a low value for the matter content, which is not
compatible with the one provided by the ΛCDM model. Therefore, the SNIa data
are not able to fit a precise value of Ωm in brane models
30 and hence theM bound
is not statistically significant. The BAO probe gives a lower Ωm bound, a wde value
consistent with quintessence, and a negligible M value which indicates that the
cosmological dynamics of the Universe is not affected by an extra dimension. As we
mentioned in §3.3, the brane constraints derived from BAO data could be biased
because we assume the validity of general relativity and thus, as first approximation
no brane corrections were take into account. The CMB distance posteriors provide
strong constraints on Ωm and wde, which are consistent with the ΛCDM paradigm,
and no extra dimension is preferred. However, the compressed CMB data used here
may not be appropriate to our braneworld model and these bounds could be biased.
A joint analysis (H(z)+SNIa+BAO+CMB distance posteriors) estimates Ωm, wde
values consistent with those of the standard model and the M bound suggests a
canonical background dynamics.
Our results show that all data sets provide wde bounds compatible with the CC
at the 3σ confidence level. In order to determine the deviation of the brane model
from the ΛCDM we estimate the standard model parameters taking into account a
flat prior for Ωm, and Gaussian priors for h and Ωb as shown in Table 1, and fixed
wde = −1. We provide the ΛCDM constraints in Table 3 and Figure 2 shows the fit
to the H(z) and SNIa data for the brane model (solid lines) and ΛCDM (dashed
lines). Notice that the former model is consistent with the standard one within 1σ
of confidence region for both data sets.
In addition, it is important to investigate whether the brane model limits sat-
isfy the DE EoS constraint given by the Eq. (11) to guarantee a late-time cosmic
acceleration. For each cosmological data, we plot the confidence contours for the
parameters with and without this constraint (Fig. 3), finding differences only for
the BAO limits. Notice that our best fits satisfy the Eq. (11) implying a late-time
cosmic acceleration. Furthermore, we reconstruct the cosmological evolution of the
deceleration parameter (Eq. (12)). Figure 4 shows q(z) vs. redshift, using the differ-
ent cosmological constraints, in two cases: the brane model (solid lines) and ΛCDM
model (dashed lines). When the H(z) brane constraints are used to reconstruct the
q(z) parameter, we found that it is slightly deviated but consistent at the 2σ con-
fidence level with the standard dynamics. A similar result is found using the SNIa
brane constraints. When the BAO brane limits are included, an important tension
with the ΛCDM prediction is found. Nevertheless, the q(z) evolution is consistent
with the standard one at the 3σ confidence level. Using the CMB brane constraints,
the q(z) evolution shows a slightly deviation from of the standard model, but it is
consistent at the 2σ confidence level.
We found different upper limits on the M constraints, which is directly related
to the Friedmann equation modifications and hence, to the Universe dynamics.
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While the low-redshift data (H(z) and SNIa) suggest slightly evidence of gravity
modifications, the high-redshift data (BAO and CMB distance constraints) rule out
an extra dimension in the Universe. Fig. 5 shows the ratio of the corrective term in
Eq. (9) by the brane dynamics and the first canonical term in the Friedman equation
vs. redshift using the different cosmological constraints. When the ratio is greater
than one, the effect due to the brane dynamics becomes dominant. This confirms
that the brane effect become important at different energy scales (redshifts) for each
observational data. Furthermore, its effects are larger at higher redshifts (see Eq.
9). Thus, the M bounds provided by low redshift probes are less significant than
the high redshift ones.
There is a huge discrepancy in the brane tension bounds derived from cos-
mological tests and those obtained from BBN,19 stellar dynamics45–48 and TT
experiments.49 The brane tension lies on λBBN > 1 MeV
4 in the first one and
λTT & 138 TeV4 in the latter one (for a compilation see Table 4). Our most
restricted bound for the brane tension (Table 3) is λCMB > 4.05 × 104h2eV4
(λjoint > 6.42 × 105h2eV4 for the joint analysis), while it should be λ  λjoint.
In spite of this, we provide new constraints (in the low energy regime) on the brane
tension which are complementary to those shown in Table 4.
Finally, a further analysis of the brane perturbations would give information
about the viability of the model. In this vein, Ref.50 explore the consequences of
a brane simple model without dark radiation on the CMB spectrum. The authors
show that at large scales the temperature anisotropy caused by Sachs-Wolfe effect
is the same as the canonical one. They also claim that at very small scales the
effects of branes are negligible. Nevertheless, on scales up to the first CMB acoustic
peak, the brane terms considerably modify its amplitude and position. This implies
a change in the CMB distance posteriors and, thus, in the brane constraints that we
have obtained. To asses the impact of the perturbation on the brane constraints, a
full CMB analysis should be carried out, which is beyond of the scope of this article.
5. Conclusions and Remarks
Brane theory is an interesting paradigm with the potential to solve many fundamen-
tal problems in Particle Physics and Cosmology, being an important candidate to
extend GR. In this paper, we explored the consequences in the cosmic acceleration
by considering a generic dark energy in a Randall-Sundrum braneworld scenario.
The modified Friedmann equations governing the dynamics of the Universe were
derivedto investigate whether the current cosmological observations suggest such
gravity corrections. We put constraints on the dark matter density parameter, dark
energy EoS, and the brane tension using the latest observational data (H(z), SNIa,
BAO, and CMB distance constraints from Planck data release 2015). In particu-
lar, we provide brane tension lower limits in the low-energy regime (low redshift),
complementary to those obtained in the high-energy regime.
We found that all data sets provide dark energy equation of state (wde) compat-
August 6, 2018 10:33 WSPC/INSTRUCTION FILE RevisedVersion
13
Table 3. Best fit values and their uncertainties for brane (Ωm, wde, log(M)) and ΛCDM
(Ωm) models estimated from H(z), SNIa, BAO, CMB distance constraints and a joint
analysis (H(z)+SNIa+BAO+CMB distance constraints). The brane tension is established
by a lower limit at 99% of CL and is calculated (see Eq. (10)) assuming a critical density
ρcrit = 8.10h
2 × 10−11eV4.
Model χ2 h Ωm wde log(M) λ(h2eV4)
H(z)
Brane 18.19 0.72+0.01−0.01 0.21
+0.02
−0.03 −1.00+0.11−0.12 < −0.88 > 3.07× 10−10
ΛCDM 17.15 0.71+0.01−0.01 0.24
+0.01
−0.01 −1.0 ——— ———
SNIa
Brane 574.73 0.72+0.01−0.01 0.13
+0.06
−0.07 −0.81+0.07−0.10 < −0.31 > 8.27× 10−11
ΛCDM 576.12 0.72+0.01−0.01 0.24
+0.01
−0.01 −1.0 ——— ———
BAO
Brane 5.46 0.73+0.01−0.01 0.20
+0.04
−0.07 −0.53+0.13−0.19 < −9.52 > 0.13
ΛCDM 13.95 0.66+0.01−0.01 0.29
+0.02
−0.02 −1.0 ——— ———
CMB distance constraints
Brane 10.87 0.73+0.01−0.01 0.29
+0.01
−0.01 −1.12+0.06−0.06 < −15.0 > 4.05× 104
ΛCDM 0.94 0.68+0.005−0.005 0.31
+0.008
−0.008 −1.0 ——— ———
Joint analysis
Brane 636.70 0.71+0.01−0.01 0.30
+0.01
−0.01 −1.12+0.03−0.03 < −16.2 > 6.42× 105
ΛCDM 640.79 0.68+0.004−0.004 0.30
+0.005
−0.005 −1.0 ———
Table 4. Summary of the brane tension con-
straints derived from several experiments and
observations. The last value corresponds to our
best constraint using the joint analysis from
Table 3, but in comparison it remains the weak-
est.
Experiment/Observation Cut-off (eV4)
Table-Top 138.59× 1048, 49
Astrophysical 5× 1032, 45–48
BBN 1024, 51
Joint analysis 6.42h2 × 105
ible with the CC at the 3σ confidence level. Different bounds in the brane tension
were estimated using the cosmological data. While the high-redshift data (BAO
and CMB) prefer no gravity modifications, the low-redshift data available (H(z) and
SNIa) slightly suggest that there is an extra dimension. However, as the brane effect
is more important at higher redshifts, the bounds obtained from low redshift probes
are less significant than the ones obtained from those at high redshift. Furthermore,
a joint analysis of the cosmological data provides a tight constraint for the brane
tension but the huge discrepancy with complementary observations/experiments
persists. It is worth to note that a self-consistent brane perturbation analysis for
this model on high-redshift data is needed in order to asses its effect on our con-
straints.
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Fig. 1. 1D marginalized posterior distributions and 2D contours at 68%, 95%, and 99% confidence
levels for the Ωm, log 10(M), wde, h, Ωb parameters using H(z), SNIa, BAO, CMB and combined
data.
We reconstructed the deceleration parameter using the best fit for each dataset
and found that the dark energy component drives to a late-time cosmic acceleration
independently of gravity modifications by an extra dimension.
Finally, an appropriate extension of the modified FLRW equations for
braneworld models is needed. For instance, by considering the crossed terms which
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Fig. 2. Best fits to H(z) and SNIa data sets for ΛCDM model (red dashed-line) and brane model
(blue solid-line). The blue band is the 68% of confidence region of brane model corresponding to
the uncertainties ofM presented in Table 3, leaving the rest of the parameters fixed to their best
values.
take into account coupling between the different Universe components or the con-
sideration of a variable brane tension. However, this work is out of our present
scope.
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